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Failure Modes - Metals

Yield athermal plasticity f (stress)
Deformation
Creep thermally activated plasticity | f (temp, time, stress)
Static athermal / acyclic fracture f (stress)
Creep thermally activated cavitation| f (temp, time, stress)
Fracture -
rupture leading to fracture
Dynamic Cyclic plasticity leading to f (cyclic stress, cycle#)
fatigue nucleation/growth of cracks
Material Corrosion athermal loss of material f (time, environment)
Loss
Oxidation thermally activated f (time, temp, O, pres)
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Metal Static Fracture-Factors

*Strengthening phases
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Yield strength, Mpa

Fatigue threshold stress intensity

Metal Fatigue - factors
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Aluminum, steel, amorphous and crystallized glass
Growth rates scale range of crack tip opening displacements
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Crack deflections increase with increase in grain size leading to better
fatigue crack growth resistance.
Nan crystalline nickel has poor or faster fatigue crack growth rates
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Hanlon et.al., Materials Science and Engineering, 2005



Metal oxidation - factors
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Metal Corrosion - factors

Corrosion Fatigue
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Mode of failure - CMCs

Yield NONE
Deformation
Creep thermally activated plasticity | f (temp, time, stress)
(same as in metals)

Static damage progression f (stress)
Creep fiber dominated f (temp, time, stress)

Fracture rupture
Dynamic interface degradation f (cycles, stress)
fatigue
Corrosion NONE

Material

Loss Oxidation in non-oxides f (time, temp, O, pres, H,0)

(same as in metals)
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Fracture

e —

Static

Creep
rupture

Dynamic
fatigue

&:

damage progression

fiber dominated

interface degradation

f (stress)

f (temp, time, stress)

f (cycles, stress)
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Dense Matrix Composites:
RT Mechanical Behavior

Damage Progression in Tension - 2D SiC/CVI SiC Composites:
Matrix 0° Tow
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Dense Matrix Composites:
RT Mechanical Behavior

Modulus decreases with matrix damage:

: 2D Woven SIiC/SiC
 — Onset of

matrix
cracking

Full load transfer

E/E, to fibers in
loading direction

02 | '

01 | E.V./2E,

€pL Strain (%)

After J. Lamon, Compos. Sci. Tech., 61, 2259 (20013



Porous Matrix Composites:
RT Mechanical Behavior

RT Tensile Behavior of Model Porous Matrix Composite:

0°/90°: Fiber-dominated

behavior up to failure +45°: Matrix-dominated
550 behavior up to failure
COI N610/AS
200 f < : Load Rate fﬁﬂ%ﬁ mmv's
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L. Zawada et al, J. Am. Ceram. Soc., 86, 981 (2003)
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‘t\ \ . . .
\ J Porous Matrix Composites:
S ZF HT Mechanical Behavior (cont’'d)

&
Creep rupture and HT fatigue of COI N610/AS:
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Porous Matrix Composites:
Fatigue Behavior

COI N610/AS:
LR | L ror T L R rorTTr 110 | LR LR | MR LR LR rorrr
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measure of remaining life ? remaining life ?
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Porous Matrix Composites:
Damage Progression in Service

Sintering of porous matrix during
extended thermal exposure:
COI N610/AS

As-processed

S nm

Matrix becomes stronger,
bonds strongly to fiber
Zawada et al, J. Am. Ceram. Soc., 86, 981 (2003)
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Porous Matrix Composites:
Damage Progression in Service

Sintering of porous matrix during
extended thermal exposure:

Eﬁﬂrllrl1|||.|||||||||||

( “Non-sintering” matrix:

Refractory mullite bonded with
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(Jurf and Butrer, 2000)
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Pervasive CMC Behavior:
Anisotropy of mechanical properties

Plagues all CMC’s, worse for porous matrices:

COI N610/AS:
off-axis strength interlaminar shear strength
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CMC failures dominated by anisotropy:
Transverse thermal gradients cause delaminations

Accelerated creep in off-axis directions
Zawada et al, J. Am. Ceram. Soc., 86, 981 (2003) 24



SUMMARY

Challenge: Connection of Physics of Failure

& to Damage sensing at Material Level

(1) How do you take into consideration material factors
that control physics of failure to devise new sensors?

(2) What scale of defect detection is important ?

(3) How does one handle when components become
geometrically more complex and multi-materials are
used?

« Constituent volume fractions, properties,
processing defects expected to vary within
component

(4) Meaningful damage must be detected against
background of processing defects, etc.

(5) Physics of failure in operational-extreme
environments not well documented !!

25




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


